INTRODUCTION
Accurate measurements of gas and particle phase distributions of semi-volatile organic compounds such as polycyclic aromatic hydrocarbons (PAH) in indoor air and environmental tobacco smoke (ETS) are needed in order to assess their health effects since lung deposition patterns differ between the gas and particulate phases (National Research Council, 1986) . Similarly, environmental fates of Phase distributions of semi-volatile species depend not only on vapor pressures (Pupp et al., 1974) and temperature (Keller and Bidleman, 1984; Cotham and Bidleman, 1992) , since vapor pressure is a function of temperature, but also on sampling conditions such as the face velocity (Della Fiorentina et al., 1975; McDow and Huntzicker, 1990 ) and sampling duration (Della Fiorentina et al., 1975) . This is clear from measurements of organic carbon collected on back-to-back filters (Appel et al., 1989; McDow and Huntzicker, 1990 ) and aliphatic infrared C-H absorbance indices for filtercollected ambient organics (Della Fiorentina et al., 1975) . When exposed to high volumes of organic-laden gas the filter material apparently acts as an adsorbent. Under some conditions species that evaporated from particles may adsorb on or coat the filter material and enhance its trapping capacity for gas-phase organics (Cotham and Bidleman, 1992; Eatough et al., 1993) .
Denuder technology provides a less artifact-encumbered approach to accurate determination of phase distributions of semi-volatile species because the gas phase is collected before the particulate phase. Large particles are typically removed from the airstream by a size-selective inlet that is followed by a surface which retains gas-phase species but does not influence particle transport to a downstream filter. A sorbent or denuder after the filter can collect any material desorbed from the filter. However, artifacts could originate from less than 100% gas sorption or particle transmission by the denuder section. Recent studies have used two or more sampling trains for each measurement (Lane et al., 1988; Coutant et al., 1988; Eatough et al., 1989 Eatough et al., , 1993 , one with no denuder, dedicated to measurement of the total concentration of the analytes. The other sampling train (with denuder) was used to determine the particulate-phase concentration. Gas-phase concentrations were calculated from the difference of the total and particulate concentrations. Such denuder difference methods have been used for semi-volatile PAH (Coutant et al., 1988 (Coutant et al., , 1992 Lane and Johnson, 1993) , organochlorine pesticides (Lane et al., 1992x and other organic species (Eatough et al., 1989 (Eatough et al., , 1993 . Since they require paired samplers, precision may suffer. The number of sources of error are essentially doubled by using two sampling trains. The main stumbling block to direct determination of gas-phase concentrations with denuders has been the impossibility of determining the gas-phase concentrations from the denuders because of contamination by denuder coating materials or adhesives (Coutant et al., 1988) or the difficulty of removing the adsorbed species from the coating (Eatough et al., 1993) . Recently a diffusion denuder coated with a nonpolar gas chromatographic stationary phase has been used for direct determination of gas-phase semi-volatile organics (Kneger and Hites, 1992, 1994 ). Turpin et al.
(1 993) recently tested a novel design for a diffusion separator that allows direct artifact-free determination of the gas phase of an airstream, but it has not yet been used for ambient sampling.
The work reported here describes a new integrated organic gas-particle sampler (IOVPS), based on an annular denuder that has been coated with the adsorbent resin XAD-4 which strips the gas-phase species from the air stream before collection of the particles on a filter. A second filter and denuder or sorbent bed can be used downstream of the filter to assess "blow off' or volatilization loss of semi-volatile species from the particles. Concentrations of the species of interest are determined in separate extracts of the denuders and filters.
XAD-4 was chosen as the adsorbent for development and validation of the IOVPS not only because of this laboratory's experience using it for sorbent bed sampling of indoor PAH (Offennann et al., 1991) , but also because of its high surface area (725 m2 g-') @ohm and Haas Co, 1993 ). An additional consideration was the possibility of using a single XAD-4-coated IOVPS for both simultanwus determination of nicotine and PAH, as has been reported for a conventional sorbent bed sampler (Chuang et al., 1990) . Because the polystyrene-divinylbenzene copolymers such as XAD-2 and XAD-4 have also been used for collection of pesticides (Seiber et , 1988) , their success in the IOVPS could find other useful applications where accurate determinations of phase distributions are necessary. The success of the IOVPS depends heavily on the fact that sufficient ground XAD-4 resin adheres to sandblasted glass and is resistant to removal by handling, solvent washing and air sampling. The coating mass on a commercially-available glass denuder was sufficient to trap detectable amounts of a wide range of gas phase semi-volatile PAH from the relatively clean air of a laboratory room in as little as 3 hours.
This article describes the sampler, evaluates-&s performance for varying conditions of flow rate and sampling duration, compares the performance of the IOVPS to a sorbent bed sampler, and reports concentrations and phase distributions of several semi-volatile PAH in indoor air and environmental tobacco smoke.
EXPERIMENTAL SECTION
Preparation of the integrated organicgas particle sampler. The IOVPS has been used in two configurations. Figure l a shows three denuder sections between the cyclone (for removal of particles of greater than 2.5 micrometer in diameter at 10 ~min-') and filter holder. This configuration was used to evaluate the capacity of denuder section(s) for gas-phase PAH as a function of flow rate and sampling time. The IOVPS sampled indoor laboratory room air in these experiments. As the emphasis was on evaluation of its collection of gas-phase components, no sorbent or denuder was usually used downstream of the filter. The filter holder was loaded with one or two Teflon-coated glass fiber (TCGF) filters (47 mm diameter) that had been pre-cleaned by sonication in dichloromethane and methanol before use. Fig. l b shows the configuration used to sample ETS for determination of the phase distribution. Two denuders were used between the cyclone and Nter pack; the third denuder followed the Nter pack. Two filters were used in the filter pack when sampling ETS. This configuration was also used in two experiments that sampled indoor laboratory room air.
The cyclone, annular denuders and filter packs were purchased from University Research Glass, Carrboro, NC (denuder part number 2000-30B with 220 mm length). The outer diameter of the annulus was 2.4 an; the annulus width was 1.0 mrn (Fig. 2) . The coated length of each denuder section was 18.5 cm. The ends of the glass tubes had #30 threads. The individual components of the IOVPS were connected to each other by threaded couplers that used Teflon-coated gaskets. (The gaskets were examined for deformation after use and replaced when deformation was visible, to avoid introduction of turbulence or leaks between denuder sections during sampling.) The edges of the TCGF Nters usually frayed when the IOVPS was disassembled. The O-ring used for sealing the filter in the filter pack often stuck to the filter at several points. The particle deposition area was not affected, but filter mass could not be accurately determined for affected filters. A different filter, such as the Zmicron Teflo (Gelman Sciences), could be used to avoid this problem.
Before coating the denuder, macroreticular styrene-divinylbenzene polymer resin XAD-4 beads (average diameter 0.8 mm, purchased from Alltech Associates, Deerfield IL) were ground in an agate ball mill with agate balls using a planetary grinder (Fritsch Pulverisette type 0.5.101) at high speed for 6-21 hours. The resulting white powder was sonicated for 20 min in dichloromethane followed by methanol to remove contaminants. The clean powder was filtered through Teflon filters of nominal pore size 0.5 pmeters (type FHUP, Millipore Corporation) to remove very fine particles. The filtrate was discarded. (Otherwise, after air sampling, some of the h e XAD-4 particles were later extracted from the coated denuder and clogged the inlet of the analytical instnunentation.) The sandblasted surfaces of the annular denuder sections were coated with XAD-4 that was applied from an n-hexane (spectrophotometric grade) slurry. No adhesive was used. The coating was then removed by sonication from the inside ends of each denuder section, up to just past the two small epoxy stand-offs between the two parts of the annular denuder, found at each end of the section. (Otherwise XAD-4 powder could flake off the stand-offs during sampling and be detected as a faint yellowish-white deposit in the central area (-1 cm2) of the filter used to collect the airborne particles.) After coating, the denuders were rinsed with hexane to remove any loose particles, dried with nitrogen, weighed, capped by screw caps with Teflon liners and stored at room temperature. Precleaning and storage procedures were intended to minimize introduction of organic artifacts from the sampler materials or roo-m air.
Typical single-channel denuder coating mass was 10-20 mg, as determined by weighing the whole denuder section to the nearest 0.1 mg with an analytical balance. After cleaning and recoating, individual denuder coating mass was reproducible to within 2 mg. (Some of the denuders that were used in the initial stages of the field test [described below] were too long to fit in the compartment of the analytical balance and had to be weighed on a pan balance to the nearest 0.01 g.) The surface coverage corresponded to roughly 0.1 mg w2. Tenax-GC, XAD-2, XAD-7, XAD-16, several ionexchange resins and Carbotrap were also ground and applied to denuder sections. Tenax-GC, XAD-2, XAD-4 and XAD-16 showed promise as denuder coatings, but these coatings have not yet been used for air sampling. Polystyrene-divinylbenzene polymers that contained polar functional groups (cation and anion exchange resins) did not adhere well to the denuder surfaces.
Electron microscopy. One annular denuder was intentionally shattered and examined by electron microscopic analysis. A 3 rnm x 3 rnm fragment was coated. It had a visible thin coating of white powder that was not dislodged when the fragment was tapped gently. A similar uncoated fragment was also selected for comparison. The glass fragments were analyzed at the US Environmental Protection Agency Scanning Electron Microscope Laboratory in Research Triangle Park, North Carolina, using an Amray Model 1000 scanning electron microscope, an analog instrument with manual stage control and resolution of about 70 nrn at 30 keV. The samples were scanned at 500 and 2000 times magnification.
Field testing. The IOVPS was evaluated by sampling indoor laboratory air at room temperature (about 21°C). Freshly-coated denuders were used for each field test. Two freshly-coated denuders were also used as blanks for each experiment. The room was free of indoor combustion sources. Sampling was done at 5, 10 and 20 L min" for 3 and 6 hours, using sampling trains consisting of three single-channel annular denuders and a filter in the configuration shown in Figure la . The residence times per denuder section for these flow rates were 0.27,O. 15 and 0.075 sec, respectively. Filter face velocities were 8, 17 and 33 crn sec-l, respectively. One experiment was done at 20 L min-' for 22 hours. Separate clean components were used for each condition. The exposed denuders were refrigerated at 4OC before analysis if the extraction could not be canied out immediately. (Freezer storage at -20°C caused the denuders to crack at the epoxy joints.) The filters were stored in the freezer before analysis.
Parallel sampling was done using filter-sorbent samplers similar to those described by Loiselle et al. (1991) , except that the filter holder was staipless steel, and the flow rate was 10 or 20 L min-'. The filter was followed by a sorbent bed filled with between 0.15 and 2.5 g unground XAD-4 resin beads. The XAD-4 resin had been cleaned and dried (Loiselle er al., 1991), but was sonicated sequentially in cyclohexane and methanol immediately before use. The sorbent bed blanks and field samples had the same preparation, storage, extraction and analysis history, except for air sampling. Problems with high PAH concentrations in the sorbent bed blanks compromised the data from several preliminary attempts at parallel sampling that are not reported here. Other workers have reported difficulty with intemal standard recovery (Wong et al., 1991) , high blanks (Hunt and Pangaro, 1982) and storage-dependent blanks (Junk et al., 1974) for XAD-4 resin beds.
Simulated environmental tobacco smoke was sampled at 16 and 20°C in a sealed 36 m3 environmental chamber (0.03 air exchange per hour). A smoking machine (a laboratory-fabricated 12-port programmable auto-igniting and extinguishing cigarette holder attached to an Arthur D. Little, Inc. smoking machine) was used in the center of the room, about 1.5 m above the floor. Three reference cigarettes, Kentucky reference type 1R4F, were machine-smoked sequentially at one 35 m L puff per minute using a standard puff profile. The mainstream smoke was ventilated outside the chamber, while the sidestream smoke was emitted into the chamber. For replication studies two IOVPSs with freshly-coated denuders were placed about 0.7 m apart, with their inlets about 0.7 m above the floor. The samplers operated for one how at 5 L min" starting 20 minutes after the last cigarette was extinguished. In a separate experiment just one IOVPS operated under the same conditions.
Extraction. Denuders, filters and sorbent beds were extracted individually by sonication at 50°C (capped denuders and sorbent beds) or 70°C (filters) with high purity (liquid chromatography/pesticide analysis grade, low ultraviolet absorbance) cyclohexane. Deuterated fluoranthene and phenanthrene were added at the time of extraction as internal standards to correct for any losses during sample preparation. Each extract was passed through a Teflon fdter (unlaminated, FHUP, Millipore Corp.) and then a silica solid-phase extraction column. The silica (500 mg) columns were assembled in 5-m L glass syringe barrels with pre-fred (800°C) quartz filters at each end of the silica. Before analysis the solvent was exchanged to acetonimle by evaporating the cleaned cyclohexane extract on a silica column (200 mg) at room temperature and eluting with acetonitrile. Final sample volume was between 250 and 1000 pL. Two unexposed coated denuders and pre-extracted filters were analyzed as blanks for every field test. (Each denuder was analyzed separately.)
Analysis. The dual-fluorescence detector method developed for particulate PAH in ETS by
Mahanama et al. (1994) was adapted for analysis of semi-volatile PAH from naphthalene to chrysene . A Hewlett-Packard high performance liquid chromatograph Model 1090 M was used with a Vydac 201TP52-15 crn microbore column. The injection volume 5 pL. The detection and quantitation limits for both the gas and particle phases, derived from analysis of blanks, are shown in Table 1 . Recovery of both intemal standards from denuder and filter extracts was the same and averaged 70 19%. The same average recovery of internal standards was observed for denuders and filters used as blanks. PAH concentration data were corrected for incomplete recovery.
RESULTS

--
Evaluation of the coating. Figure 3 shows scanning electron photomicrographs of the annular denuder fragments. Analysis of the particle size distribution of the coated fragment showed that the coating was composed of particles with median and average diameters of 0.7 and 0.9 micrometers, respectively. The geometric mean was 0.75 micrometers, and the geometric standard deviation was 1.8. The coating was stable during sampling at flow rates up to 20 L min-' for 24 hours, as assessed by visual inspection of black afterfilters. Inspection of Teflon filters that had been used to filter denuder extracts showed that the coating was not removed by static solvent extraction (two rinses of the intra-annular space) at 45°C. About half the coating was removed by sonication in cyclohexane at 50°C; the rest was removed by sonication in acetonitrile or ethyl acetate at room temperature. The denuders were routinely cleaned (to remove the coating) after extraction and recoated before the next use. Coating mass was reproducible to within two mg for recoating of individual denuders.
Efficiency for collection of gas-phase PAH. The efficiency of a sorbent-based sampler depends on the concentrations of the sorbed species in the airstream (Adarns et al., 1977). At low concentrations the volumetric capacity depends on the total volume of air sampled and is independent of the gas-phase concentrations of the sorbed species. The holding power or efficiency of the trap is limited by the amount of air necessary to elute or displace adsorbed material from the surface, as occurs in gas-solid chromatography. At higher inlet gas-phase concentrations the adsorption sites could be filled before the volumetric capacity is exceeded because the weight capacity of the sorbent has been reached. The gas-phase PAH concentration data obtained from sampling indoor air under various conditions have been used to estimate these limits for the IOVPS.
The goal is bracketing its useful operating range rather than investigating the sorption mechanism in detail.
We assumed that the volumetric capacity V, for a particular PAH had been exceeded for total air volumes for which the first denuder collected less than 90% of that PAH. (The concentrations of all PAH were determined separately in each denuder section.) The percentages of naphthalene (and its methyl derivatives), fluorene and phenanthrene found on the first of the three serial denuders are shown in Table 2 . V, is about 2 m3 per denuder section for these compounds. The data indicate that V, is somewhat higher for sampling at 10 L min-' for 3 hours, compared to sampling at 5 L min-' for 6 hours. Apparently greater displacement or elution of PAH occurred at the combination of lower flow rate and longer sampling time.
Lower limits to the weight capacity of the ground XAD-4 for several PAH were estimated from the amounts of these compounds collected on the first and sometimes second of three denuders in series under conditions where breakthrough was observed. The XAD-4 coating mass was measured for each denuder section. For the purposes of the estimate, breakthrough was assumed to have occurred when the amount trapped on the next (downstream) denuder was more than 10% of the total found on all three denuder sections. Based on this operational definition, breakthrough of naphthalene onto the second denuder was seen at 20 L min-' for 3 hours of sampling and at 10 L min-' for 6 hours of sampling. Breakthrough of naphthalene from the second denuder to the third denuder section occurred when the IOVPS operated at 20 L rninminl for 6 and 22 hours. Under those conditions naphthalene migrated axially along the denuder sections during the extended sampling period, so the volumetric capacity was exceeded. Breakthrough was not obse6ed at 20 L min" for four-ring PAH. For the other PAH, breakthrough occurred only when sampling at 20 L min-l for 3 hours or longer, and the first denuder may not have been saturated under those conditions. The weight capacity of ground XAD-4 for naphthalene, fluorene and phenanthrene (sampled together with other PAH) in indoor air was found to be & standard deviation; n = the number of observations) 57 _+ 16 (n = 8), > 4.3 1.3 (n = 3), and > 7.7 2 3.4 (n = 5) ng mg-1 XAD-4, respectively. (The high standard deviations reflect the fact that some of the denuders were too long to fit within the weighing compartment of the analytical balance and had to be weighed on a pan balance to the nearest 10 mg. Therefore, the coating mass was known to only one significant figure in those cases.) The value found here for naphthalene is about 3 times higher than estimated from breakthrough experiments for an XAD-4 resin sorbent sampler (Offermann et al., 1990) . A typical denuder section can trap about 800 ng naphthalene, 50 ng fluorene and 100 ng phenanthrene.
The performance of the IOVPS can also be assessed by using the models for annular denuder Particle losses. Particle losses were assessed by visual examination of the used XAD-4 coatings after they had been stripped from the denuder surfaces by sonication and collected on Teflon filtration membranes. When ambient air particles were intentionally admitted at loose couplers between denuder sections, the used XAD-4 denuder coatings had a light gray coloration horn ambient black (elemental) carbon. Under those condititons the black ambient particles hit the denuder .walls because of increased turbulence at the leak site. Under normal use the stripped coatings were pale yellowish white. Another symptom of particle loss in those experiments was that concentrations of benz(a)anthracene and chrysene on the affected denuder section were higher than observed on the first (upstream) denuder. Higher molecular weight PAH would also be observed if substantial particle loss occurred. However, no particle losses were observed during the sampling of indoor laboratory room air or environmental tobacco smoke under the usual sampling conditions described earlier.
Ye et at. (1991) evaluated losses of neutral and charged polydisperse NaCl particles during passage through uncoated annular denuders with the same dimensions as used in this study. At a flow rate of 10 L min" they found that about 1% of neutral and 6% of singly charged particles with diameters of 0.075 pm and larger were lost per annular denuder section. Losses increased with decreasing particle size, up to about 12% per section for neutral particles of diameter 0.0075 p m Reproducibility. Table 3 shows PAH concentrations obtained from two co-located IOVPSs that simultaneously sampled simulated environmental tobacco smoke. The standard deviation o was estimated from the difference using the procedure described by Wilson (1952) . The coefficient of variation (olmean) has been calculated from the standard deviation. For extracts of the upstream denuder the coefficient of variation ranged from 7% for l-methylnaphthalene to 39% for pyrene and averaged 17%. Possible sources of the observed variability include heterogeneity in room concentrations of PAH in the room air, and errors in determination of flow rates, fluorescence intensities of the PAH and recoveries of the internal standards. The high value for pyrene could be due to its co-elution with one of the methyl derivatives of phenanthrene. The fluorescence excitation and emission wavelengths for pyrene were chosen from the edges of its response envelope so that the methylphenanthrene interference was minimized. The poor quantum yield for pyrene under that condition probably contributed to its high variability. The higher-than-average coefficient of variation for biphenyl may be due to its co-elution with 2-methylnaphthalene which was always found at higher concentration than biphenyl. Most of the semi-volatile PAH were not detected in the particle phase. However, the four that were detected had an average coefficient of variation of 9%.
Comparison to filter-sorbent bed sampling. Conventional samplers were constructed with a 47-mm diameter filter followed by a sorbent trap that contained between 0.15 and 2.5 g cleaned unground XAD-4 resin beads (20-60 mesh) . In several experiments the Ntersorbent bed sampler was co-located indoors with the IOVPS (in the configuration shown in Fig. la) and operated for the same time and acthe same flow rate. Because the two sampler types could yield different phase distributions of all but the most volatile PAH (due to the possibility of both positive and negative artifacts expected from the conventional sampler), only species more volatile than phenanthrene (i.e., the naphthalenes, acenaphthene, acenaphthylene and fluorene) would be expected to be trapped with the same efficiency by both sampler types. Gas phase concentrations of these PAH were determined from the co-located samplers.
Comparison data from sampling indoor laboratory room air on two different days are presented in Table 4 for two flow rates, 10 and 20 L min-'. Three-hour sampling periods were used for each experiment The data indicate that the IOVPS traps and recovers semi-volatile PAH quantitatively when its capacity is not exceeded. At 10 L min-' the denuders and sorbent bed trapped the same amounts of semi-volatile PAH. The ratio of detectable PAH measured with the denuders to PAH collected by the sorbent bed was 1.00 k 0.10. Therefore, the IOVPS-derived gas-phase PAH concentrations agreed with the conventional sampler results at this flow rate and sampling time. The data show no apparent sampling artifacts.
Our indoor air sampling with the IOVPS for three hours at 20 L yielded gas-phase PAH concentrations (summed from three serial denuder sections) that averaged 78 _+ 13% of those derived from the sorbent bed. The denuder-derived PAH concentrations averaged 73 2 9% of the sorbentderived concentrations for PAH more volatile than phenanthrene (the naphthalenes, acenaphthene, acenaphthylene, biphenyl and fluorene). The capacity limits for these species had been exceeded under the conditions of this experiment (Fig. 4) . Denuder-derived concentrations for phenanthrene and the less volatile PAH from the IOVPS averaged 84 _+ 13% of the sorbent-derived values for the same experiment. However, particulate phenanthrene and less volatile species may have been subject to "blow off' artifacts that increased the apparent sorbent bed concentration. Since the data presented in Fig. 4 indicate that phenanthrene was collected in the first two of three denuder sections with > 90% efficiency under the sampling conditions of this experiment, operation with three serially-C O M~C~~ sections is expected to lead to > 99% efficiency.
Phase distributions and "blow-off" of PAH in indoor laboratory room air. Table 5 shows the phase distribution data for phenanthrene, pyrene and chrysene collected by the two samplers at 20 L min-', corresponding to filter face velocity of 33 cm sec-'. Particulate fractions determined from the filter-sorbent bed sampler were smaller for all three PAH than from the IOVPS. The difference decreased as the PAH volatility decreased from phenanthrene to chrysene. Since the denuders have higher efficiency for the less volatile PAH, the lower gas-phase and higher particle-phase concentrations measured with the denuder for fluoranthene, pyrene and chrysene are consistent with "blow-off' artifact from the particle-loaded filter in the filter-sorbent bed sampler. For the IOVPS data shown in Table 5 , a post-filter denuder or sorbent was not used, so correction for a possible IOVPS filter-associated blow-off artifact could not be made.
Two other parallel sampling experiments also yielded pre-sorbent bed filter samples that had lower PAH concentrations than the filter samples obtained with the IOVPS. Post-filter denuders were not used with the IOVPS inthese experiments, so blow-off-artifact from the IOVPS-collected partic1E-r could not be assessed. However, in a separate experiment using the configuration shown in Fig. lb at face velocity of 17 cm sec-' (10 L mine', 6 hours) for which the IOVPS particle-laden fdter could not be analyzed, detectable but small amounts of phenanthrene, pyrene, benz(a)anthracene and chrysene were found on a post-filter denuder. Since these compounds were not detected on the second denuder (i.e., gas-phase adsorption in the pre-filter denuder section was complete with no breakthrough), they must have desorbed from the particles during sampling.
PAH concentrations in indoor air and simulated ETS. To illustrate the use of the IOVPS for determination of PAH concentrations, Table 6 summarizes the gas phase concentration data obtained during the validation study for indoor air with no combustion sources and simulated environmental tobacco smoke. The ranges and average concentrations are listed. PAH concentrations were typically at least three times higher in ETS than in the relatively clean room air of the laboratory. The concentration ranges are similar to those reported by other workers for indoor air with ETS (Offennann et al., 199 1; Guerin et al., 1992). Table 7 presents phase distribution data for simulated environmental tobacco smoke sampled at 16°C. Both gas and particle phase data are average values for the co-located samplers when the IOVPS operated in the 36 m3 chamber for one hour at 5 L min-' with face velocity = 8 cm sec-'. None of the more volatile PAH from naphthalene to anthracene were detected on the ETS particles, but fluoranthene and pyrene were found in both phases. Very little benz(a)anthracene and chrysene were found in the gas phase for ETS. Generally, the particulate fraction increased as molecular weight increased and vapor pressure decreased (Pupp et al., 1974; Somefeld et al., 1983) . No detectable amounts of PAH were found on the second filters or the post-filter denuders. No "blow-off' of particulate PAH onto the backup filter substrate or downstream denuder was observed for this experiment. In a separate experiment using the same IOVPS configuration but with the chamber at 20°C, fluoranthene, pyrene and chrysene were detected on the post-filter denuder, not on the backup filter, indicating that some blow-off occurred. The amounts found on the post-filter denuder averaged 16% of the total particulate PAH concentrations. The single-section capacity limits were not exceeded, since no PAH were detected on the second @re-filter) denuder in the experiment at 20°C.
Phase distributions for polycyclic aromatic hydrocarbons in ETS.
The particulate fractions were much higher for ETS than for indoor air with no combustion sources ( Table 5 ). Since the face velocities were different, interpretation of differences in phase distributions for the two environments must be made cautiously. However, lower fractions of particulate-phase PAH in the absence of ETS are consistent with the presence of "dried out" aged ambient particles, compared to oily ETS particles that were freshly emitted. "Blow-off' of semi-volatile PAH from the indoor particles would be expected to occur to a larger extent at the higher face velocity and longer sampling time used in the indoor sampling. However, the phase distributions obtained for PAH in indoor air with the two sampler types do not overlap the range observed for the same PAH in ETS.
DISCUSSION
valuation of the IOVPS. This report presents the first direct denuder-based phBe distribution measurements for PAH in indoor air and simulated environmental tobacco smoke. Earlier work with denuders for PAH and other organics has depended on difference methods that require more sampling components and are subject to larger uncertainty. Direct determination of gas phase concentrations of PAH was possible with the IOVPS because the species adsorbed on the coated surfaces of the denuders were extracted and analyzed. Particulate phase concentrations were determined using established analytical procedures, and a post-filter denuder assessed amounts of species volatilized from the collected ETS particles. Only one sample train was necessary for a complete measurement.
The IOVPS is much less prone to sampling artifacts than conventional filter-sorbent bed sampling because the gas phase is trapped before the particles are collected. However, volatilization losses of semi-volatile species from particles are possible if the IOVPS is operated at a high face velocity. This negative artifact can be assessed by trapping desorbed species on another denuder or sorbent downstream of the filter. Adsorption by the filter medium can also be assessed by using a backup filter behind the filter used for particle collection.
Blank problems with XAD-4 resin are well known (Junk et al., 1974; Hunt and Pangaro, 1982 ). The problems were much less burdensome with the ground XAD-4 used in the IOVPS than with the resin beads used in the conventional XAD-4 resin bed sampler. The cleanup procedure for the ground resin was much simpler and faster than that recommended for polymeric resins in sorbent bed samplers (Hanson et al., 1984) . This is probably due to the exposure of more surface area to cleanup solvents than was possible with the resin beads. We found that the coated denuders had lower and more reproducible blanks and therefore lower limits of detection than the conventional sampler that was used in earlier studies in this laboratory (Offemann et al., 1990 ).
The ground XAD-4 and other coating materials were much easier to handle than the unground materials because the denuders were coated from sIunies that controlled the distribution of the resin. The unground XAD-4 stuck to any available surface such as beakers, scoops and aluminum foil. Configuration of the IOVPS components for sampling was also easier than for the conventional sampler because the components could be assembled by hand in the field. The coating of the denuder surfaces is stable during normal handling and sampling and can only be removed by extensive sonication. The denuder sections can also be reused after static extraction. This technique has been employed in outdoor chamber studies in which each denuder was used six times before recoating (Fan et al., 1993) . Capacity and specificity considerations. Because the available surface area of the resin beads is increased by grinding, the thinly-coated annular denuder surfaces have sufficient capacity for determination of gas-phase PAH in indoor air in as little as 1 m3 or in 0.3 m3 ETS. However, the trapping capacities of the macroreticular resins, even when ground to fine particle size and dispersed on the sandblasted surfaces of the denuders, are smaller per unit mass of adsorbent than the trapping capacities of the acidic and basic coatings used for sampling of basic and acidic gases (Possanzini et al., 1983) . The polystyrene-divinylbenzene adsorbent resins trap by van der Waal's attraction, capillary action and adsorbent-adsorbate pi-electron interactions (Kiselev and Yashin, 1969 ) that are much less powerful than the Coulombic attraction that results in chemical reaction of an acidic molecule with the basic coating. Desorption and elution may also occur during sampling if capacity limits are exceeded. Therefore, trapping equivalent numbers of molecules requires longer and/or larger denuders or longer sampling times and volumes for adsorption-based denuders than for acidbase reaction-based denuders.
To increase its capacity for outdoor sampling of air volumes larger than 4 m3, the IOVPS can be scaled up in size, using dimensions similar to those of the denuder-based gas-and particle (GAP) sampler (Lane et al., 1988) , for example. The GAP sampler has roughly 20 times the surface area of the IOVPS sampler. The IOVPS could also be scaled downward in size for personal sampling or extraction and analysis in automated equipment. Coating procedures could be adapted for the denuder surfaces of other dimensions (Lane et al., 1988; Koutrakis et al., 1989) and geometries (Eatough et al., 1989 (Eatough et al., , 1993 Koutrakis et al., 1993) . ' Capacity limits for the currently-configured IOVPS require a sensitive analytical technique for the polycyclic aromatic hydrocarbons. Dualdetector fluorescence HPLC has been used quite successfully here.
Results for other adsorbents besides XAD-4 that have been ground and coated onto sandblasted glass indicate that the IOVPS could be modified for other applications. Tenax-GC, for example, coated the IOVPS well and could be used for sampling polycyclic aromatic hydrocarbons and pesticides. Because of its thermal stability, Tenax-GC could possibly be used in a miniaturized IOVPS whose denuder sections fit into the injection pons of gas-chromatographs for thermal desorption.
Significance. The chief significance of the results presented and discussed here is that phase distributions of PAH and several other classes of organic species can now be made directly, rather than by difference or by techniques that are subject to large positive and negative artifacts. The IOVPS fills a long-recognized need for denuder-based sampling methods for airborne organics. The Table 1 . Detection and quantitation limits for gas and particulate semi-volatile polycyclic aromatic hydrocarbons (PAH). Table 3 . Reproducibility data for PAH in simulated environmental tobacco smoke. Table 4 . Comparison of IOVPS to a sorbent bed sampler for collection of gas phase PAH. Table 5 . Phase distributions of polycyclic aromatic hydrocarbons in indoor laboratory room air for two sampling techniques. Table 6 . Concentration ranges for gas phase PAH in ng m'3. " LLD and LLQ for 0.3 m3 air sample (1 hour sampling at 5 L min-I). Based on sampling indoor laboratory room air. Total gas-phase PAH concentration was the sum of concentrations on three denuders in series. Observed concentration ranges are given in Table 5 .
TABLES
Average values for naphthalene, 1-methylnaphthalene and 2-methylnaphthalene. Total gas phase concentrations for 20 L ~llin-' were based on values from sorbent bed sampler (for the naphthalenes only). " CV = coefficient of variation = o/mean; o was estimated from the difference as suggested by Wilson (1952) . b Below the limit of detection. " Three-hour sampling periods on two different days.
b Below the detection limit. 
